The production of xenogenic gametes from large-bodied, commercially important marine fish species in closely related smaller host fish species with short generation times may enable rapid and simple seed production of the target species. As a first step toward this goal, we assessed the suitability of chub mackerel, Scomber japonicus, as a small-bodied recipient species for xenogenic spermatogonial transplantation. Histological observation of the early gonadal development of chub mackerel larvae and transplantation of fluorescent-labeled spermatogonia from Nibe croaker, Nibea mitsukurii, revealed that 5.3-mm chub mackerel larvae were suitable recipients for successful transplantation. Intraperitoneally transplanted xenogenic spermatogonia efficiently colonized the gonads of these recipient larvae, and donor-derived Nibe croaker germ cells proliferated rapidly soon after colonization. Moreover, gonadal soma-derived growth factor (gsdf) mRNA, a gonadal somatic cell marker, was expressed in recipient-derived cells surrounding the incorporated donor-derived germ cells, suggesting that donorderived germ cells had settled at an appropriate location in the recipient gonad. Our data show that xenogenic spermatogonial transplantation was successful in chub mackerel and that the somatic microenvironment of the chub mackerel gonad can support the colonization, survival, and proliferation of intraperitoneally transplanted xenogenic germ cells derived from a donor species of a different taxonomic family.
INTRODUCTION
Wild bluefin tuna, Thunnus orientalis, populations are critically endangered because of extensive overfishing [1] ; consequently, the species is farmed globally. The most common type of tuna farming is capture based, and a large number of wild juveniles have been harvested as seeds for bluefin tuna farming [2, 3] , accelerating the above-mentioned ''tuna crisis.'' Although artificial seed production of bluefin tuna has been established recently [4] , the maintenance of bluefin tuna broodstock in captivity is a major obstacle to sustainable practices. A 1-yr-old commercially farmed bluefin tuna has a body weight of 30-50 kg and can take 3-5 yr to reach sexual maturity and become a parental fish, by which time the body weight has reached several hundred kilograms [4, 5] . Therefore, expansive rearing spaces are required for the maintenance of bluefin tuna broodstock, leading to intensive labor and high costs. Other potential problems include the large amount of feeding waste caused by rearing tuna broodstock in open-water cages near the coast and the reduced genetic diversity due to use of a small population of parental fish.
We recently established a surrogate broodstock in Salmonidae produced by germ cell transplantation [6] [7] [8] , and we demonstrated that xenogenic transplantation of rainbow trout, Oncorhynchus mykiss, spermatogonia into the peritoneal cavity of sterile triploid masu salmon, Oncorhynchus masou, hatchlings resulted in surrogate salmon parents that produced only donor-derived trout sperm and eggs [8] . We also successfully applied this system to the pelagic egg-spawning marine teleost Nibe croaker, Nibea mitsukurii [9] . Using these techniques, the seed production of large-bodied, commercially important marine teleosts, such as bluefin tuna, is expected to become possible in small land-based fish tanks using surrogate small-bodied parents with short generation times.
In our previous studies, both donor and recipient species were closely related, belonging to the Salmonidae family [6, 7] . Saito et al. [10] reported that zebrafish recipients (Danio rerio) successfully generated donor-derived pearl danio, Danio albolineatus, sperm and eggs by transplantation of xenogenic primordial germ cell (PGC) into recipient embryos. However, donor-derived eggs from distantly related donors, such as the goldfish, Carassius auratus, and the loach, Misgurunus angulillicaudatus, could not be produced in zebrafish recipients, although the zebrafish recipients could produce sperm derived from these donors. Moreover, nonrodent xenogenic spermatogonia transplanted into a recipient mouse arrested at the spermatogonial expansion stage of spermatogenesis [11] . Together, these findings suggest that it is important to use closely related donor and recipient species for successful germ cell transplantation.
Our ultimate aim is to establish a surrogate broodstock that produces functional bluefin tuna gametes by spermatogonial transplantation; therefore, it is essential to develop a smallbodied species closely related to bluefin tuna as a suitable recipient for xenogenic donor germ cell transplantation. In the present study, we chose chub mackerel, Scomber japonicus, as a candidate recipient species for spermatogonial transplantation of bluefin tuna following three reasons: 1) both chub mackerel and bluefin tuna belong to the Scombridae family, 2) chub mackerel is one of the smallest scombrids and is widely distributed in temperate oceans throughout the world, and 3) artificial seed production of chub mackerel in captivity has been established [12, 13] . The broodstock of chub mackerel mature and spawn in 1-2 yr, reaching a body weight of just 500-1000 g. Moreover, it is possible to induce maturation and spawning in the nonspawning season in chub mackerel using environmental manipulation and hormonal treatment because seed production can be conducted in small land-based tanks [12] . However, the larvae of chub mackerel are only a few millimeters in length and are highly sensitive to physiological and physical stresses, making it difficult to use them for embryo manipulation.
As first steps in the development of chub mackerel as a Scombridae surrogate able to produce functional gametes derived from xenogenic donor spermatogonia, we focused on the following questions: Is it possible to successfully transplant donor germ cells into chub mackerel larvae, and what is the optimal developmental stage of recipient chub mackerel larvae for efficient migration and colonization of donor-derived spermatogonia? We also assessed whether donor-derived germ cells can colonize the appropriate location in the recipient gonads by examining the expression of the gonadal somaderived growth factor (gsdf) gene in recipient-derived somatic cells that support germ cell development. gsdf was first identified in the embryonic genital ridge in somatic cells surrounding the PGCs of rainbow trout and in sexually differentiated gonads in both the granulosa and Sertoli cells [14] . We also examined the survival and proliferation of donorderived germ cells after their colonization of recipient gonads.
Currently, bluefin tuna is not a suitable source of donor testicular cells for our experiments because information on bluefin tuna spermatogenesis is not available, and protocols for the preparation of bluefin tuna spermatogonia for transplantation have not been optimized. We chose Nibe croaker as the source of the donor testicular cells for the present study because we previously demonstrated that testes of 3-mo-old Nibe croaker contain abundant, transplantable A-type spermatogonia, and donor testicular cells prepared from testes of 3-mo-old Nibe croaker are optimal for the successful spermatogonial transplantation [9] . Moreover, it is possible to distinguish donor-derived Nibe croaker germ cells from recipient-derived mackerel germ cells in the recipient gonads using species-specific probes for the vasa gene, a molecular marker for germ cell lineages [15] .
MATERIALS AND METHODS

Seed Production of Chub Mackerel
All experiments were conducted at the Tateyama Station (Banda), Field Science Center of Tokyo University of Marine Science and Technology (Chiba, Japan) and carried out in accordance with the Guide for the Care and Use of Laboratory Animals from Tokyo University of Marine Science and Technology. Chub mackerel broodstock were maintained in 10 000-L fiberglass-reinforced plastic tanks. After spontaneous spawning, fertilized eggs were collected by water flow into an egg collector. Approximately 10 000 eggs were transferred to a 100-L seed production tank and incubated at 198C 6 18C with gentle aeration. Feeding of the larvae began 2 days postfertilization (dpf). Rotifers, Brachionus rotundiformis, fed with frozen phytoplankton Nannochloropsis sp. (Marine Chlorella 100; Marine-Bio Inc., Kumamoto, Japan) and fresh Nannochloropsis sp. (Marine fresh; Marine-Bio) were added to the tank twice daily. The density of the rotifers and the Nannochloropsis sp. in the tank was maintained at 30 individuals per milliliter and 5 3 10 5 cells per milliliter, respectively. Artemia nauplii and artificial food were provided from 17 and 20 dpf, respectively. To increase the n-3 fatty acid concentration in the live food, the rotifers and the Artemia nauplii were incubated with Hyper Gloss (Nissin Marine Tech Co. Ltd., Kanagawa, Japan) for 6 to 12 h before feeding.
Histology
To investigate early gonadal development of chub mackerel larvae, the gonads of rotifer-fed chub mackerel larvae at various developmental stages were histologically characterized. Larvae of 4.2-, 4.9-, 5.3-, 5.9-, 6.9-, and 8.6-mm lengths were sampled on 5, 6, 7, 8, 9, and 13 dpf, respectively. The larvae were fixed with Bouin fixative, cut into 4-lm-thick sections using standard paraffin-embedding methods, and stained with hematoxylin and eosin (HE). Images of sections were obtained using a light microscope (BX-51; Olympus, Tokyo, Japan) and a digital camera (DP-70; Olympus). The total number of germ cells per larva was counted using serial sections of whole individuals.
Testicular Cell Transplantation
Donor cells were prepared from 3-mo-old Nibe croakers. Freshly isolated testes were dissociated according to the method described by Takeuchi et al. [9] . To trace donor cells in the recipients after transplantation, donor cells were stained with the fluorescent membrane dye PKH26 (Sigma-Aldrich Inc., St. Louis, MO). Approximately 10 million cells were suspended in a solution comprising 0.4 ml of diluent C (an iso-osmotic aqueous solution provided with the PHK26 dye) and 4 ll of PKH26. The diluted dye was combined with the cells (final concentration, 10 lmol/L) for a period of 5 min. The cells were then centrifuged at 100 3 g for 5 min, washed two additional times in L-15 medium (pH 7.8; 41300-039; Gibco Invitrogen Co., Grand Island, NY), resuspended in L-15, and stored on ice until use. This suspension of Nibe croaker testicular cells was transplanted into the peritoneal cavity of chub mackerel larvae. Transplantation needles were prepared by pulling glass capillaries (GD-1; Narishige, Tokyo, Japan) using an electric puller (PC-10; Narishige). The tips of the needles were sharpened with a grinder (EG-400; Narishige) until the opening reached 40 lm. Recipient larvae were anesthetized with 0.0075% ethyl 3-aminobenzoate methanesulfonate salt (A5040; Sigma-Aldrich) in seawater. Larvae were transferred to a Petri dish coated with 3% agar using a 10-ml glass pipette. Cell transplantation was performed with a micromanipulator (MP-2R; Narishige) and microinjector (IM-9B; Narishige) attached to a dissection microscope (SZX10; Olympus). The transplantation needle was inserted into the peritoneal cavity of the recipient larva, and 15 nl of donor cell suspension, containing 10 000 cells, was injected. After transplantation, recipient larvae were transferred to a recovery tank filled with seawater. It was reported that the addition of bovine serum albumin (BSA) in the rearing water could reduce the mortality of marine fish larvae caused by handling stresses [9, 16] . Therefore, BSA (Cohn fraction V; Wako, Osaka, Japan) was added (final concentration, 1 g/L) to both the anesthetization tank and the recovery tank. Recipient larvae were raised in a 100-L seed production tank until they were ready for fluorescent microscopy observations. The survival rate of transplant recipients at 21 days posttransplantation (dpt) was calculated using the following formula: survival rate (%) ¼ number of viable juveniles at 21 dpt/number of transplanted larvae 3 100.
Fluorescent Observation of Donor-Derived Germ Cells in Recipient Chub Mackerel
Recipient juveniles were observed under a fluorescent microscope (BX51N-34FL; Olympus) at 21 dpt to observe the incorporation of PKH26-labeled donor germ cells into the genital ridge. The digestive organs and the head were dissected out of recipient and control fish, and the remaining intact tissue was fixed with the Tissue-Tek Ufix (Sakura Finetech U.S.A. Inc., Torrance, CA) for 5 min on ice. The gonads of these fish were removed by fine forceps for detailed observation. Isolated gonads were stained with 4 0 ,6 0 -diamidino-2-phenylindole (DAPI), and the nuclear morphology of PKH26-labeled cells incorporated into recipient gonads was observed with an Olympus FV1000 confocal microscope. Each section of recipient gonads was optically sectioned (z ¼ 0.45 lm). The colonization rate of donor-derived germ cells in the recipient genital ridges was calculated by the following formula: colonization rate (%) ¼ number of juveniles incorporating PKH26-labeled cells in their genital ridges at 21 dpt/number of larva used for transplantation. To evaluate whether donor-derived germ cells could proliferate in recipient gonads after colonization, we observed the time course of the change in the number of PKH26-labeled cells in the recipient gonads after transplantation. The PKH26-positive germ cells in the recipient gonads that possessed the morphological characteristics of germ cells (i.e., those possessing large, round nuclei as confirmed by observation under bright field optics) were counted (Supplemental Fig. S1 , available online at www. biolreprod.org).
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Cloning of the vasa and gsdf Homolog Genes Total RNA was extracted from the testis of Nibe croakers and chub mackerel using TRIzol reagent (Invitrogen Corp., Carlsbad, CA). Purified total RNA (5 lg) was reverse transcribed with SUPERSCRIPT III (Invitrogen) using an oligo d(T) primer (5 0 -GTA ATA CGA CTC ACT ATA GGG CAC GCG TGG TCG ACG GCC CGG GCT GGT TTT TTT TTT TTT TTT TTT-3 0 ) as described in the manufacturer's protocol. The RT-PCR was performed with degenerate primers designed for each gene using testis cDNA as templates. Amplified cDNA fragments were cloned into the pGEM T-Easy Vector (Promega, Madison, WI) and sequenced. After determining the DNA sequence of a partial cDNA fragment, 3
0 -and 5 0 -rapid amplification of cDNA end (RACE) were performed with specific primers designed for each gene to isolate the full-length cDNA sequence. cDNA fragments obtained by 3 0 -and 5 0 -RACE were sequenced as described above. The PCR primers used in this study are listed in Table 1 .
In Situ Hybridization
The expressions of Nibe croaker vasa, chub mackerel vasa, and chub mackerel gsdf were analyzed by in situ hybridization (ISH) on tissue sections or excised genital ridges. The 380-bp Nibe croaker vasa cDNA fragment (nucleotides 1977-2356 bp), chub mackerel vasa (nucleotides 2008-2387 bp), and 488-bp chub mackerel gsdf cDNA fragment were used as templates for the synthesis of antisense RNA probes. The ISH was performed as described previously by Sawatari et al. [14] .
Statistical Analysis
All data are presented as mean 6 SEM. One-way ANOVA followed by Tukey multiple comparison tests was used to determine significant differences between group means. Statistical significance between the number of donorderived and recipient-derived germ cells in fish receiving transplants and the number of recipient-derived germ cells between fish receiving and not receiving transplants were determined by the two-sided Student t-test. For all statistical tests, values were considered statistically significant when calculated P values were less than 0.05.
RESULTS
Early Gonadal Development of Chub Mackerel
We histologically characterized the gonads of rotiferfeeding chub mackerel larvae at various developmental stages because it has been shown that recipients lose the ability to incorporate donor germ cells into their genital ridges after PGC migration is complete and PGCs are covered by multiple layers of somatic cells [9] . Larvae of 4.2-, 4.9-, 5.3-, 5.9-, 6.9-, and 8.6-mm lengths were sampled on 5, 6, 7, 8, 9, and 13 dpf, respectively. In 4.2-to 5.9-mm larvae, migrating PGCs with large, round nuclei had settled in the dorsal part of the peritoneal cavity where the genital ridges would form (Fig. 1,  A-D) . The PGCs had not yet been enclosed by gonadal somatic cells at this stage. The average number of PGCs ranged from three to nine per individual. Genital ridges had formed in ; A) , 4.9 mm (6 dpf; B), 5.3 mm (7 dpf; C), 5.9 mm (8 dpf; D), 6.9 mm (9 dpf; E), and 8.6 mm (13 dpf; F) larvae stained with HE. All panels are oriented anterior to the left and dorsal up. Arrowheads and arrows indicate primordial germ cells and gonadal somatic cell precursors, respectively. P, peritoneum; I, intestine. Bars ¼ 10 lm. G) Number of endogenous germ cells per individual (mean 6 SEM; n ¼ 3) during early gonadal development, corresponding to larvae in the histological analysis (A-F).
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6.9-mm larvae, and gonadal somatic cells had started to cover the PGCs (Fig. 1E) . Subsequently, gonadal somatic cells covered the PGCs entirely in the 8.6-mm larvae (Fig. 1F) , and the average number of PGCs had increased to 25.6 6 2.0, suggesting that PGCs had started to proliferate after they were incorporated into the genital ridges. These results further suggested that the migration of endogenous PGCs was completed between the 6-mm and 7-mm larval stages, and that PGCs were immediately enclosed by gonadal somatic cells in chub mackerel. The number of endogenous germ cells increased to 41.5 6 9.0 cells at 28 dpf, and 241.0 6 21.3 cells at 35 dpf. To identify the optimal developmental stage for the recipients of spermatogonial transplantation, 4.2-, 5.3-, and 6.9-mm larvae were selected as candidate recipients.
Testicular Cell Transplantation
Testicular cells from 3-mo-old Nibe croaker were used as donor cells for transplantation. Donor cells were stained with the fluorescent membrane dye PKH26, enabling the transient tracing of donor cells in the recipient. The tip of the transplantation needle was inserted into the peritoneal cavity of the recipient using the swim bladder as a landmark ( Fig. 2A ) because histological analysis had located endogenous chub mackerel PGCs around the posterior of the swim bladder in the peritoneum (Fig. 1, A-F) . Approximately 10 000 donor testicular cells labeled with PKH26 fluorescent dye were transplanted into the peritoneal cavity. No fluorescence was observed in control, nontransplanted fish (Fig. 2, B and C) , whereas numerous PKH26-labeled donor cells were observed around the swim bladder in the peritoneal cavity of recipient fish just after transplantation (Fig. 2, D and E) .
Incorporation of Transplanted Germ Cells into Recipient Gonads
The presence of PKH26-labeled cells in recipient gonads was observed 21 dpt by fluorescence microscopy. No fluorescence was observed in either the peritoneal cavity or gonads of nontransplanted fish (Fig. 3, A and B) . The PKH26-labeled cells were observed on the peritoneal wall of transplantreceiving fish, with particularly numerous PKH26-labeled cells associated with the gonads (Fig. 3, C and D) . These results suggested that donor cells were successfully transplanted into the recipient peritoneal cavity and were not rejected in the xenogenic environment within 21 dpt.
Because PGCs and spermatogonia have a larger nucleus than gonadal somatic cells, recipient gonads at 21 dpt were stained with DAPI and observed by confocal microscopy to examine whether donor-derived, PKH26-labeled cells had large germ cell-specific nuclei. In nontransplanted fish, large nuclei of endogenous germ cells were easily distinguished from smaller nuclei of somatic cells, and no PKH26-positive cells were observed (Fig. 3E, nontransplanted column) . In the recipient gonad of transplanted fish (Fig. 3E, transplanted  column) , all donor-derived, PKH26-labeled cells had large nuclei stained with DAPI and colocalized with endogenous germ cells. These findings demonstrated that donor-derived cells were incorporated in the genital ridges of recipients and possessed the morphological characteristics of germ cells.
We subsequently examined whether incorporated PKH26-labeled cells had the molecular characteristics of germ cells using the germ cell marker vasa. For this purpose, the sequences of Nibe croaker vasa (accession no. GQ404692.1) and chub mackerel vasa (accession no. GQ404693.1) mRNAs were identified. Nibe croaker vasa mRNA contains 1923 bp of coding sequence (CDS) encoding 641 predicted amino acid residues, whereas chub mackerel vasa mRNA is 1932 bp of CDS encoding 644 predicted amino acid residues. The predicted amino acid sequences of the croaker and mackerel vasa proteins showed 55.9% and 58.4% identities with rainbow trout vasa protein [17] , respectively. Phylogenetic analysis showed that these predicted proteins belonged to the vasa family (data not shown). Subsequently, we developed speciesspecific vasa probes for ISH that enabled us to distinguish donor-derived croaker germ cells from recipient-derived mackerel germ cells in recipient gonads. Homology between Nibe croaker and chub mackerel vasa in the coding region was 79.5%, whereas homology was 59.0% in the 3 0 -untranslated region (UTR). Therefore, we designed croaker and mackerel vasa probes for ISH using 3 0 -UTR sequences. We confirmed that each probe specifically hybridized to germ cells from the species of origin, and no cross-hybridization was observed (Fig. 4A) . In the gonads of nontransplanted fish, no croaker vasa-positive cells were detected, whereas all PKH26-labeled cells found in the gonads of transplanted fish were croaker vasa positive, suggesting that PKH26-labeled cells were donorderived germ cells (Fig. 4B) . Endogenous germ cells that were mackerel vasa positive were located close to donor-derived croaker vasa-positive cells in the gonads of transplant fish (Fig.  4C) . In the transverse sections of the recipient genital ridges, we confirmed that croaker vasa-positive cells existed in the recipient gonad and were surrounded by gonadal somatic cells at 21 dpt (Fig. 4D) .
To confirm whether donor-derived germ cells settled at an appropriate location in the recipient gonads, we investigated the location of gsdf mRNA-expressing cells in recipient gonads by ISH. To design the probes for ISH, the partial sequence for the 488 bp of chub mackerel gsdf mRNA was identified (accession no. GQ404694.1). The predicted amino acid sequence showed 47.0% identity with rainbow trout gsdf protein [14] , and phylogenetic analysis showed that these predicted proteins belonged to the gsdf family (data not shown). As shown in Figure 4E , endogenous chub mackerel gsdf mRNA was localized in recipient-derived cells surrounding PKH26-labeled, donor-derived germ cells in recipient gonads. This result suggests that donor-derived germ cells settled at an appropriate location in the recipient gonad and were nursed by supporting cells from the recipient.
To select the optimal developmental stage of recipient larvae for spermatogonial transplantation, we compared the recipient survival rates and colonization rates using three different stages of chub mackerel larvae (4.2, 5.3, and 6.9 mm) 21 dpt. The detailed experimental data sets are summarized in Table 2 . The survival rates of 4.2-, 5.3-, and 6.9-mm transplant recipients 21 dpt were 20.3% 6 7.6%, 20.6% 6 10.9%, and 27.6% 6 7.3%, respectively. There was no statistical difference between the survival rates of transplant recipients in three different conditions and controls (33.8 6 9.6%, P , 0.05). The colonization of recipient gonads by donor-derived germ cells was confirmed by examining excised gonads from the recipients (Fig. 4F) . The highest colonization rate was obtained in the 5.3-mm recipients at 70.0% 6 10.1%. Colonization rates were significantly lower at 33.5% 6 7.8% and 4.4% 6 2.2% in 4.2-mm and 6.8-mm recipients, respectively (P , 0.05), demonstrating that slight differences in total length affected the colonization rate of spermatogonial transplantation in chub mackerel larvae. Therefore, we concluded that the most suitable developmental stage for spermatogonial transplantation into chub mackerel is 5.3-mm larvae.
Proliferation and Long-Term Survival of Donor-Derived Germ Cells in the Recipient Gonads
To determine whether donor-derived germ cells could proliferate in recipient gonads after colonization, we recorded the number of PKH26-labeled cells in the gonads of individual recipient animals at several time points after transplantation. The number of PKH26-labeled cells in the recipient gonad increased in a time-dependent manner: 7.2 6 1.4, 38.5 6 6.2, and 196.0 6 28.5 cells at 12, 24, and 33 dpt, respectively (Fig.  5A ). PKH26-labeled cells existed as single cells in recipient gonads at 12 and 24 dpt (Fig. 5B ) and then formed clusters at 33 dpt (Fig. 5C ). Over time, the intensity of PKH26 fluorescence was reduced by dilution due to cell divisions [18] , and we indeed observed that the intensity of red fluorescence in PKH26-labeled cells was weaker at 33 dpt than at 24 dpt (Fig. 5, B and C) . Because both endogenous and donor-derived germ cells had been surrounded by multiple layers of gonadal somatic cells in the gonads of recipient fish at 21 dpt (Fig. 3E) , it was unlikely that any donor-derived cells had incorporated into recipient gonads during 24-33 dpt. These results strongly suggest that donor-derived germ cells proliferated rapidly after 21 dpt in the recipient gonad.
To investigate whether donor-derived germ cells affected the proliferation of endogenous germ cells in the recipient gonad, we monitored the number of donor-derived and recipient-derived germ cells by ISH using species-specific vasa probes (Fig. 4, B and C) . Transplanted fish had 137.6 6 38.2 donor-derived croaker vasa-positive cells and 42.8 6 8.3 endogenous mackerel vasa-positive cells in their gonads at 21 dpt (Fig. 6A) . By contrast, nontransplanted fish possessed no donor-derived croaker vasa-positive cells and a similar number (41.5 6 9.0) of endogenous mackerel vasa-positive cells in their gonads (Fig. 6A) . These results indicated that the vast colonization of donor-derived germ cells did not affect the Means with different letters differ significantly (P , 0.05). Values represent data from three independent experiments. Original magnification 3400 (high-power panels); 3140 (low-power panels).
proliferation or survival of endogenous germ cells in recipient gonads for at least 21 dpt. As shown in Figure 6B , we detected germ cells expressing croaker vasa mRNA in the recipient gonad at 75 dpt by ISH, demonstrating the long-term maintenance and survival of donor-derived germ cells in xenogenic gonads.
DISCUSSION
Successful spermatogonial transplantation requires that intraperitoneally transplanted spermatogonia colonize, proliferate, and differentiate in the recipient gonad. In this study, we showed that the intraperitoneally transplanted xenogenic Nibe croaker spermatogonia efficiently incorporated into the gonads of chub mackerel larvae. Furthermore, we demonstrated that the somatic microenvironment of the chub mackerel larval gonads supported survival and proliferation of the xenogenic spermatogonia derived from the Nibe croaker. This report is the first to show the successful xenogenic transplantation of spermatogonia between donor (Nibe croaker, Sciaenidae) and recipient (chub mackerel, Scombridae) of different teleost families.
Our achievement in this study suggests that common mechanisms underlying colonization, survival, and proliferation of germ cells during early gonadal development are well conserved in a wide range of teleost species. These conserved developmental mechanisms may prove to be an advantage for spermatogonial transplantation in diverse teleosts. Indeed, we have succeeded in the intraperitoneal transplantation of spermatogonia in the Scombridae family here and in the Salmonidae [7, 8] and Sciaenidae [9] families in our previous study, suggesting that intraperitoneal transplantation of spermatogonia is broadly applicable in both marine and freshwater teleosts.
In the present study, we demonstrated that xenogenic donor spermatogonia transplanted into the peritoneal cavity were incorporated into the genital ridges of recipients. The colonization rate (70.0%, in the optimum condition) obtained in this study was high and similar to the colonization rates observed in the allogenic environment tested in our previous study (50.0%-88.0%) [9] . These findings suggest that intraperitoneally transplanted spermatogonia migrated toward the genital ridge of the recipient, and their ability to migrate was not suppressed in a xenogenic environment. It has been reported that multiple molecular interactions are involved in germ cell migration toward gonadal anlage during early gonadal development [19] . The results obtained in this study suggest that the molecules involved in germ cell migration toward the genital ridge are conserved in genetically distant teleosts and might be functional, even in a xenogenic environment. For example, interaction between chemokine CXCL12 (stromal cell-derived factor 1 [SDF1]) expressed in somatic cells and its receptor CXCR4 expressed by the germ cells is required for directional PGC migration in teleosts [20] and mammals [21] . In an embryo slice culture, human CXCL12 could attract mouse PGCs expressing CXCR4 [21] . Therefore, it is possible that chub mackerel CXCL12 activates the Nibe croaker CXCR4 signaling pathway.
We found that 5.3-mm mackerel larvae were suitable recipients for spermatogonial transplantation. The donorderived germ cells efficiently colonized the recipient gonad when transplanted into recipient larvae in the PGC migration phase. However, after PGCs were enclosed by gonadal somatic cells, colonization rates drastically decreased. Interestingly, the colonization rates were lower when using smaller larvae (4.2 mm). This finding is inconsistent with our previous studies in Salmonidae [22] and Sciaenidae [9] , where colonization rates were higher in younger recipients. In 4.2-mm larvae, endogenous PGCs were in the migration phase; however, their somatic counterparts had not formed gonadal anlage. Therefore, we speculate that the intraperitoneally transplanted germ 902 cells need to make immediate contact with the gonadal anlage to establish the germ-somatic cell interactions necessary for survival and/or efficient colonization in the recipient gonad. It therefore appears that there is an extremely short window of time in which donor cells can be incorporated into recipient gonads in spermatogonial transplantation using chub mackerel as the recipient. This result suggests that total larval length could be an indicator of successful colonization of transplanted donor germ cells. Surprisingly, the number of donor-derived germ cells was 3.2-fold greater than that of endogenous germ cells 21 dpt. This could be due to the unique characteristics of the chub mackerel. The proliferation of endogenous germ cells in the recipient gonads was relatively slow during the first 3 wk after fertilization. Then, rapid proliferation of endogenous germ cells occurred after the fourth week after fertilization. We also found that gsdf mRNA-expressing cells were distributed throughout the entire recipient gonad, even in areas where endogenous or donor-derived germ cells did not exist. This finding suggests that the proliferation of supporting cells precedes the proliferation of germ cells in early gonadal development of the chub mackerel. This is consistent with a recent hypothesis by de Alvarenga and de Franca [23] that Sertoli cell proliferation precedes spermatogonia proliferation, resulting in an adequate number of somatic cells for the support of cyst growth during spermatogenesis. It is expected that donor-derived germ cells could occupy the available space prepared by gsdf-positive supporting cells and proliferate efficiently in the recipient gonad before endogenous germ cells start rapid proliferation. This is a potential advantage in using chub mackerel larvae as a recipient for spermatogonial transplantation of xenogenic donor species. Previously, we revealed that testicular germ cells containing spermatogonial stem cells could differentiate into sperm in male recipients and eggs in female recipients in a xenogenic environment, indicating that fish spermatogonia are sexually bipotent [8] .
In the present study, we did not evaluate whether the donorderived Nibe croaker germ cells could differentiate to functional gametes in chub mackerel recipient gonads. We reasoned that Nibe croaker spermatogonia would not differentiate into functional gametes in the gonad of the distantly related chub mackerel because of the genetic distance and physiological differences between the two species. If the transplanted donor germ cells include enough spermatogonial stem cells and the donor-recipient relationship is close enough to support the differentiation of xenogenic germ cells, it is expected that recipient chub mackerel could produce donorderived sperm and eggs. It is interesting what differences between donor and recipient species-for example, genetic distance, habitat, environmental temperature, and period required for maturation-are key to the successful production of gametes derived from donor germ cells in xenogenic gonads.
In the present study, we have established a basic technique for xenogenic spermatogonial transplantation into chub mackerel, a small-bodied Scombridae, and further demonstrated that the somatic microenvironment of the chub mackerel gonad can support colonization, survival, and proliferation of intraperitoneally transplanted xenogenic germ cells. Taken together with the fact that both chub mackerel and bluefin tuna belong to Scombridae family, we propose that chub mackerel may be a reasonable species to use as a surrogate broodstock for the production of bluefin tuna seeds via xenogenic spermatogonia transplantation.
